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Edited by Varda RotterAbstract Cul5-based complex is a member of ECS (Elongin B/
C-Cul2/Cul5-SOCS-box protein) ubiquitin ligase family. The
cellular function of the Cul5-based complex is poorly understood.
In this study, we found that oocyte septum formation and egg
production did not occur in either cul-5- or rbx-2-depleted cul-
2 homozygotes, although control cul-2 homozygotes laid approx-
imately 50 eggs. These phenotypes are reminiscent of those
caused by the MAP kinase mpk-1 depletion. In fact, activation
of MPK-1 was signiﬁcantly inhibited in cul-5-depleted cul-2 mu-
tant and cul-2-depleted cul-5 mutant. Yeast two-hybrid analysis
and RNAi-knockdown experiments suggest that oocyte matura-
tion from pachytene exit and MPK-1 activation are redundantly
controlled by the RBX-2-CUL-5- and RBX-1-CUL-2-based
complexes.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In ubiquitin-proteasome system, E3 ubiquitin ligases play
important role in the direct recognition of target substrates
that should be degraded by the 26S proteasome [1,2]. ECS
complexes are higher eukaryotic E3 ligases that contain a het-
erodimer of Elongin B and Elongin C, a Ring-H2 ﬁnger pro-
tein, which is either Rbx1 or Rbx2, a SOCS-box protein and
a cullin protein, which is either Cul2 or Cul5 [3]. Kamura
et al. reported that the mammalian Cul2- and Cul5-based com-
plexes have distinct functions that can be attributed to their
associated the VHL-box proteins and SOCS-box proteins,
respectively [4]. Cul2-based complex containing VHL catalyzes
the ubiquitylation of hypoxia-inducible factor-a (HIF-a) [5].
Mammalian Cul5 plays multiple roles in APOBEC3G degra-
dation with the HIV-1 Vif (viral infectivity factor) protein
complex, in the inhibition of cellular growth with the
VCAM-1 (vasopressin-activated Ca2+-mobilizing) gene prod-
uct, and in the regulation of p53 stability [6]. Drosophila mela-
nogaster cul-5 is involved in a role of cell fate determination,
proliferation, and death [7].*Corresponding author. Fax: +81 22 217 5745.
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doi:10.1016/j.febslet.2006.12.009In Caenorhabditis elegans, the cul-2, rbx-1, elb-1 (elongin B1),
and elc-1 (elongin C1) genes are essential for mitotic germline
proliferation, meiotic division II following fertilization, and
positioning of the anterior–posterior axis [8–13]. In contrast,
an RNAi-based genome-wide screen study showed that cul-5
and rbx-2 are not essential for growth and development [14].
To determine whether the dispensability of cul-5 and rbx-2 in
C. elegans is due to redundant functions provided by other
ubiquitin ligases in vivo, we performed combinatorial studies
with RNAi depletion and genetic mutation of cul-2 and rbx-
1. In summary, our results support redundancy for the RBX-
1-CUL-2- and RBX-2-CUL-5-based complexes involved in
meiotic cell cycle progression that is mediated by diphosphory-
lation of the MAP kinase MPK-1.2. Materials and methods
2.1. C. elegans strains
C. elegans N2 wild-type hermaphrodites and the strains ET65 (cul-2
[ek1]/unc-64 [e246]), RB1470 (cul-5 [ok1706]) and VC562 (rbx-1
[ok782])/(nT1 [qIs51]) were used. RB1470 was backcrossed ﬁve times
to N2 males. General methods of culturing and handling C. elegans
were previously described [15]. All nematode experiments were per-
formed at 20 C.
2.2. RNAi methods and DNA manipulation
To construct RNAi feeding bacteria, cDNA fragments derived from
cul-5 (nucleotides 63–1105), cul-6 (81–1149), cul-2 (165–1281), rbx-2
(1–345) and mpk-1 (96–642) were ampliﬁed with an RT-PCR kit (Qia-
gen GmbH) using total RNA from N2 adult hermaphrodites as a tem-
plate. The optimal RNAi feeding method described by Kamath et al.
was used [16]. In addition, injection method was used for rbx-2 RNAi
according to Aoki et al. [17].
Total RNA was isolated at each stage of development of wild-type
N2 hermaphrodites and each RNAi-treated worms using TRIzol Re-
agent (Gibco BRL Co., Ltd.). RT-PCR was employed to analyze gene
expression levels as previously described [17,18]. The act-1 (actin 1)
gene used as a control.
To study interactions among CUL-5, RBX-1 and RBX-2, full-length
cul-5, rbx-1 and rbx-2 cDNA was ampliﬁed with an RT-PCR kit (Qia-
gen GmbH). Each cDNA fragment was cloned into pASC2-1 and
pACT2 (Becton Dickison and Company). The resultant plasmids were
transformed into the strains AH109 and Y197, respectively. Yeast two-
hybrid assay were carried out according to the Clontech Yeast Proto-
col handbook. The speciﬁc primer sets in this study are described in
Supplementary material 1.
2.3. Cytological and immunohistochemical analyses
Cytological samples were observed in a slide chamber with M9 buf-
fer between poly-L-lysine-coated slide glasses sealed with TaKaRa
PCR-slide (TaKaRa Bio Inc.). Microscopic and immunohistochemicalblished by Elsevier B.V. All rights reserved.
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anti-diphosphorylated-MPK-1 monoclonal antibody (MAPK-YT
M8159; Sigma–Aldrich Co., 1:1000 dilution), anti-unphosphorylated-
MPK-1 monoclonal antibody (ERK-NP2 M3807; Sigma Aldrich.
Co., 1:1000 dilution), anti-LIP-1 antibody (kindly supplied by Dr.
Kimble; 1:100 dilution) and Alexa 488-conjugated goat anti-mouse
IgG antibody (Invitrogen, 1:1000 dilution). The peptide immunogen
sequence (HTGFLTEYVAT) for each MAPK antibody is completely
matched within only MPK-1 in C. elegans. Anti-MAPK-YT and anti-
ERK-NP2 mostly cross-reacted to C. elegans diphosphorylated-MPK-
1 and unphosphorylated-MPK-1, respectively [19] (Supplementary
material 2). The intensity of diphosphorylated-MPK-1 signal and
unphosphorylated-MPK-1 signal in pachytene region of gonads were
measured with Meta Imaging Series Version 6.3 (Universal Imaging
Co.).Fig. 2. CUL-5 interacts with RBX-1 and RBX-2. Yeast two-hybrid
analyses were carried out to identify physical interactions among
CUL-2, CUL-5, RBX-1 and RBX-2. Cells were spotted on SD plates
(Leu-, His-, Trp-) containing 5 mM (left panel) or 10 mM 3AT (right
panel), which were incubated at 30 C for 3 days.3. Results
3.1. C. elegans CUL-5 interacts with both RBX-1 and RBX-2
The C. elegans cul-1, -2, -3, -4, -5, and -6 genes have been
predicted to encode members of the cullin family. Fig. 1 shows
a comparison of the amino acid sequences of the six cullin pro-
teins with those of Homo sapiens and D. melanogaster homo-
logs. C. elegans CUL-5 is conserved in an ECS subfamily of
the higher eukaryotes.
It has been reported that mammalian Cul5 overexpressed in
Sf21 insect cells interacts with the small Ring-H2 ﬁnger pro-
teins Rbx1 and Rbx2 [3]. Of the ﬁve small Ring-H2 ﬁnger pro-
teins (less than 200 amino acids) in the C. elegans genome,0.1
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Fig. 1. Cullin family proteins are highly conserved in multicellular
organisms. A phylogenetic tree of putative C. elegans (Ce), D.
melanogaster (Dm) and H. sapiens (Hs) Cullin family proteins. The
tree was derived using CLUSTALW and TreeView software from
comparison between the amino acid sequences of the following putative
and known Cullin proteins: CeCUL-5 (Wormbase WP:CE06658),
CeCUL-1 (WP:CE29089), CeCUL-2 (WP:CE32775), CeCUL-3
(WP:CE27593), CeCUL-4 (WP:CE36545), CeCUL-6 (WP:CE11928),
DmCul1 (FlyBase Annotation ID CG1877), DmCul2 (CG1512-PA),
DmCul3 (CG11861-PA), DmCul4 (CG8711-PA), DmCul5 (CG1401-
PA), HsCul1 (Ensembl Peptide ID ENSP00000326804), HsCul2
(ENSP00000279431), HsCul3 (ENSP00000264414), HsCul4A
(ENSG00000139842), HsCul4B (ENSP00000338919) and HsCul5
(ENSG00000166266).R10A10.2 most resembles mammalian Rbx2 and has been des-
ignated as C. elegans rbx-2. We therefore studied the ability of
C. elegans CUL-5 to interact with RBX-1 or RBX-2 in a yeast
two-hybrid system. The results shown in Fig. 2 indicate that
CUL-5 could interact with both RBX-2 and RBX-1, and inter-
action was much greater for RBX-2. These results suggest that
the C. elegans CUL-5 protein makes at least two types of ECS
complex with RBX-1 and RBX-2, similar to what is observed
in mammalian systems.
3.2. cul-5 or rbx-2 RNAi renders cul-2 homozygotes completely
sterile
cul-5 mRNA was dominantly expressed in adults and eggs,
but signiﬁcantly reduced in the L1 and L2 larvae (Supplemen-
tary material 3). Although expression of cul-5 could be silenced
in the F1 generation at the adult stage by feeding RNAi con-
structs speciﬁc to cul-5 in N2 wild type (Supplementary mate-
rial 3), we did not observe any obvious eﬀects of cul-5 and cul-6
RNAi on the viability of the F1–F10 generations. Instead cul-6
RNAi caused an increase in growth rate (data not shown).
On the other hand, we found an interesting genetic interac-
tion between cul-5 and cul-2. Approximately 25% eggs laid
from the wild-type hermaphrodites (F0 generation) died after
feeding cul-2 dsRNA (Fig. 3). This cul-2 RNAi was partial, be-
cause cul-2 (ek1) homozygotes showed 100% embryonic lethal
phenotype (Fig. 3) [8,11]. In contrast, more than 90% eggs laid
from the cul-5 mutant (F0 generation) died after feeding cul-2
dsRNA (Fig. 3). Thus, cul-2 RNAi depletion aﬀected cul-5 null
mutation. As well, we found that cul-5 RNAi depletion aﬀects
cul-2 (ek1) homozygotes. cul-2 unc-64 heterozygotes, which are
phenotypically wild-type (wt; i.e., neither unc nor sterile) seg-
regated cul-2 (ek1) heterozygotes (wt), unc-64 (e246) homozyg-
otes (unc but completely fertile), and cul-2 (ek1) homozygotes
(small blood size) in the next generation. The cul-2 (ek1)
homozygotes produced about 50–60 eggs (Fig. 3). When cul-
2 heterozygotes were subjected to cul-5 RNAi depletion from
the L4 stage for 48 hours, the eggs (the F1 generation) that
they laid 48–72 h after feeding developed into wt cul-2 hetero-
zygotes, unc but completely fertile unc-64 homozygotes, and
cul-2 homozygotes with an unexpected phenotype – failure of
egg production and complete sterility (Fig. 3). Depletion of
rbx-2 had the same eﬀect on cul-2 (ek1) homozygotes (Fig. 3).
Fig. 3. cul-5 or rbx-2 RNAi renders cul-2 homozygotes completely sterile. Self-progeny brood sizes were determined for the following strains. cul-2
homozygotes: control (n = 15 animals tested, 50.1 ± 12.9 eggs/animal), cul-5 RNAi (n = 23, 0 ± 0), cul-6 RNAi (n = 10, 54.1 ± 19.8), rbx-2 RNAi
(n = 20, 0 ± 0); cul-2 heterozygotes: control (n = 12, 281.5 ± 39.5), cul-5 RNAi (n = 11, 268.4 ± 27.5), cul-6 RNAi (n = 8, 231.5 ± 26.5), rbx-2 RNAi
(n = 6, 244.6 ± 35.0); unc-64 homozygotes: control (n = 5, 254.5 ± 30.0), cul-5 RNAi (n = 5, 283.8 ± 33.0), cul-6 RNAi (n = 5, 233.6 ± 24.6), rbx-2
RNAi (n = 5, 244.5 ± 19). Vertical bars indicate S.D. * shows statistical signiﬁcance at 5% level (Student’s t test).
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depleted of cul-5
cul-2-depleted cul-5 null mutants (5 of 30 F1 escapers) and
all cul-2 homozygotes depleted of either cul-5 (30 of 30 tested)
or rbx-2 (10 of 10 tested) did not proceed to oocyte septum for-
mation, whereas any abnormality was not observed in cul-2
homozygotes alone (10 of 10 tested) (Fig. 4). Identical phe-
nomena were also observed in cul-5-depleted rbx-1 (ok782)
animals (4 of 10 tested, Fig. 4). In contrast, oocyte septum for-
mation was normal in cul-5-rbx-2 double depleted animals (10
of 10 tested, Fig. 4). These results indicate that RBX-2-CUL-5-Fig. 4. RBX-2-CUL-5- and RBX-1-CUL-2-based ubiquitin ligases have r
dissected in a slide chamber ﬁlled with M9 solution. Black arrowheads indica
and maturation are observed in cul-2 homozygotes subjected to either cul-5 o
mutants subjected to cul-2 RNAi, and wild-type worms subjected to mpk-1
rbx-1 homozygotes exhibit normal oocyte partitioning and maturation. Barand RBX-1-CUL-2-based complexes redundantly involved in
oocyte septum formation. In addition, all rbx-2-depleted rbx-
1 homozygotes showed larval lethal at L1 to L2 stages (20 of
20 tested), whose phenotype was never observed in cul-5-de-
pleted rbx-1 homozygotes (Fig. 4). This result suggests that
there is an additional redundancy for larval growth between
RBX-1 and RBX-2.
Similar defects in septum formation and oocyte maturation
are also conferred by depletion of the MAP kinase mpk-1 (F0
by the feeding RNAi method; Fig. 5). Therefore, we studied
the protein levels of MPK-1 and of its active diphosphorylatededundant functions for meiotic cell cycle progression. Gonads were
te normally partitioned oocytes. Typical defects in oocyte partitioning
r rbx-2 RNAi, rbx-1 homozygotes subjected to cul-5 RNAi, cul-5 null
RNAi (white arrowheads). cul-2 homozygotes, cul-5 null mutants and
represents 20 lm.
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Fig. 5. CUL-5 is required for phosphorylation of the MAP kinase MPK-1 in the germline. (A) Each gonad was dissected from F1 hermaphrodites
24 h after feeding with E. coli HT115 (DE3)/pdT7-cul5 and HT115 (DE3)/pLITMUS28 (control) from the L4 stage and stained with anti-
diphosphorylated-MPK1 (left panels) and anti-unphosphorylated-MPK1 (right panels) antibodies. White arrows indicate pachytene regions lacking
nuclei. White lines indicate other regions lacking nuclei. Bars represent 50 lm. The signal speciﬁc to diphosphorylated-MPK-1 is signiﬁcantly reduced
in cul-2 worms subjected to cul-5 RNAi and in wild-type worms subjected to mpk-1 RNAi. However, the unphosphorylated-MPK1-speciﬁc signal is
unaﬀected in cul-2 worms subjected to cul-5 RNAi. (B) Each intensity was measured with Meta Imaging Software. Each relative-intensity was
displayed as follows. Diphosphorylated-MPK-1 signal [N2 wild type: control (n = 6 animals tested, 1 ± 0.129), cul-5 RNAi (n = 6, 0.997 ± 0.11), cul-2
RNAi (n = 5, 1.039 ± 0.066), mpk-1 RNAi (n = 6, 0.175 ± 0.036); cul-2 homozygotes: control (n = 5, 1.042 ± 0.106), cul-5 RNAi (n = 6,
0.175 ± 0.062); cul-5 null mutant: control (n = 5, 1.061 ± 0.061), cul-2 RNAi (n = 3, 0.101 ± 0.028)]. Unphosphorylated-MPK-1 signal [N2 wild
type: control (n = 6, 1 ± 0.115), cul-5 RNAi (n = 6, 0.996 ± 0.098), cul-2 RNAi (n = 5, 0.982 ± 0.031), mpk-1 RNAi (n = 6, 0.167 ± 0.036); cul-2
homozygotes: control (n = 6, 1.03 ± 0.234), cul-5 RNAi (n = 5, 1.017 ± 0.267); cul-5 null mutant: control (n = 5, 0.959 ± 0.086), cul-2 RNAi (n = 4,
1.022 ± 0.056)]. Vertical bars indicate S.D. * shows statistical signiﬁcance at 5% level (Student’s t test).
148 Y. Sasagawa et al. / FEBS Letters 581 (2007) 145–150form in the germline cells of cul-2 homozygotes depleted of cul-
5 at the young adult stage (24 h after the L4 larval stage). Con-
trol cul-2 homozygotes had about 100 nuclei per gonadal arm
at the young adult stage (average 101.8 ± 18.1 (S.D.) nuclei in
7 of control cul-2 homozygotes tested). In contrast, the numberof nuclei per gonadal arm was reduced by about 46.4% in cul-
5-depleted cul-2 homozygotes (average 47.3 ± 6.3 (S.D.) nuclei
in 7 of cul-5 RNAi treated cul-2 homozygotes). Statistical sig-
niﬁcance between these numbers was at 5% level (Student’s t
test). Moreover, these animals exhibited drastic reductions in
Y. Sasagawa et al. / FEBS Letters 581 (2007) 145–150 149the number of nuclei at about 70 lm length of the anterior
pachytene region and they lacked diplotene and diakinesis nu-
clei at the posterior region (Fig. 5A). This proﬁle is also similar
to that caused by mpk-1 RNAi (Fig. 5A).
MPK-1 diphosphorylation signals were detected at the late
pachytene region, which is in the middle of the gonad, and
also in maturing oocytes in wild-type worms [19], wild type
worms subjected to cul-5 RNAi, and cul-2 homozygotes
(Fig. 5). On the other hand, diphosphorylation-speciﬁc signals
did not appear in cul-2 homozygotes depleted of cul-5, whereas
signals speciﬁc to unphosphorylated MPK-1 were observed
(Fig. 5). As well, diphosphorylation-speciﬁc signals did not ap-
pear in cul-5 null mutant depleted of cul-2 (Supplementary
material 4). Signals speciﬁc to either form of MPK-1 were
not detected in the gonad of animals subjected to mpk-1 RNAi
(Fig. 5).4. Discussion
It has been reported that the C. elegans cul-1, -2, -3, and -4
genes are essential for viability and development but that cul-5
and cul-6 are not [8,14,20–22]. However, cul-5 and cul-6 genes
are involved in the spontaneous mutagenesis of germline cells
[23], and depletion of cul-5 by RNAi causes defects in micro-
satellite instability (MSI). A recently isolated cul-5 null mutant
shows con (constipated) phenotype caused by the defect of
EMC (enteric muscle contraction) (Supplementary material
5) and unc (uncoordinated) phenotypes, but not sterility or
embryonic lethality (Fig. 3). No apparent these phenotypes
in the cul-5 RNAi worms may be due to an ineﬃcient introduc-
tion of dsRNA into nerve cells by the RNAi method [24].
EMC is regulated by intestinal and anal depressor muscles,
which are innervated by GABA motor neurons [25]. It has
been reported that cul-5 is required for the development of mo-
tor neurons in D. melanogaster [7], suggesting that a function
of cul-5 in motor neurons is evolutionarily conserved.
In this study, we identiﬁed a redundant function of RBX-2-
CUL-5- and RBX-1-CUL-2-based ubiquitin ligases for meiotic
cell cycle progression in C. elegans. Expression proﬁles of rbx-
1, rbx-2, cul-2 and cul-5 have been captured during life stage in
C. elegans [26]. cul-2 and cul-5 expressions are commonly pres-
ent in embryos and L4 to adults, but little or less at L2 larvae.
The results of in situ hybridization indicate that both cul-2 and
cul-5 genes are dominantly expressed in germline cells of ma-
ture gonad (Kohara, Y. et al. The Nematode Expression Pat-
tern DataBase (NEXTDB) http://nematode.lab.nig.ac.jp/db2/
index.php). In contrast, rbx-1 and rbx-2 expressions are pres-
ent during all life stage [26].
RBX-1-CUL-2-based ubiquitin ligases are essential for the
proliferation of mitotic germline cells through the degradation
of the cell cycle kinase inhibitor CKI-1 [8–11], and they are
also involved in oocyte meiotic divisions following fertilization
and in the proper placement of the anterior–posterior axis [8–
13]. On the other hand, oocyte maturation from the time of
pachytene exit was normal in cul-2 (ek1) homozygotes, which
also exhibited MPK-1 diphosphorylation consistent with acti-
vation of this kinase (Fig. 5). While RNAi-mediated depletion
of cul-5 or rbx-2 did not show any essential phenotype in wild-
type worms, depletion of either transcript by RNAi in the cul-2
(ek1) background caused severe sterility with arrest of oocytematuration and inhibition of MPK-1 activation (Figs. 3–5).
It has been reported that the MPK-1 signal transduction path-
way is essential for meiotic cell cycle progression during oocyte
maturation from the time of pachytene exit [27].
The LIP-1 phosphatase acts as a negative regulator by di-
rectly reducing the level of phosphorylated-MPK-1 [28]. We
therefore monitored LIP-1 protein levels in the gonads of
cul-5-depleted cul-2 homozygotes. The level of LIP-1 in the go-
nads of cul-5-depleted cul-2 homozygotes was similar to those
of cul-2 homozygotes and wild-type homozygotes (data not
shown). Thus LIP-1 is not likely to be the target of the
RBX-2-CUL-5 and RBX-1-CUL-2 complexes.
As mentioned above, the depletion of cul-5 causes MSI de-
fects. Similar defects were also observed when the expression
of DNA mismatch repair genes such as msh-2 was inhibited
[23]. We therefore depleted msh-2 in cul-2 (ek1) mutants to
know the relationship between the synthetic sterility and
MSI defects. The msh-2-depleted cul-2 homozygotes did not
exhibit synthetic sterility (data not shown), suggesting that
MSI defects due to cul-5-depletion are not related to the syn-
thetic sterility of cul-5-depleted cul-2 homozygotes.
In conclusion, while the CUL-5-based E3 ligases have func-
tions that are basically distinct from those of CUL-2-based E3
ligases, both E3 ligases have a redundant function in meiotic
cell cycle progression through the activation of the MAP ki-
nase MPK-1. Additionally, it seems that each ligase is respec-
tively composed of RBX-2 and RBX-1. It would be examined
that CUL-2 and CUL-5 interact with RBX-2 or RBX-1 in vivo
by immuno-precipitation assay using their speciﬁc antibodies.
Identiﬁcation of CUL-2 components, CUL-5 components
and their substrates will be necessary to future study.
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